The second explanation is that there is suppression of ovulation. In two species of mole-rat and in callitrichid monkeys, subordinate females have significantly lower concentrations of LH in the presence of a dominant female compared with subordinate females housed alone (Abbott, 1984; Savage et al., 1988; Faulkes et al., 1990a; Barrett et al., 1993; Bennett et al., 1993; Molteno and Bennett, 2000) . In these species, reproductive suppression was due to events that occurred at the anterior pituitary, in which a decrease in the release of LH prevented ovulation.
The third possible explanation is that reabsorption of the embryo occurs in philopatric individuals. However, reabsorption of the embryo does not appear to be a common mechanism of reproductive suppression, although in some cases subordinate female wolves (Canis lupus) and dwarf mongooses (Helogale parvula) copulated but did not produce any pups (Rood, 1980; Packard et al., 1985) .
Another factor that can be related to reproductive suppression in philopatric females is a lack of stimulation from a potential mate (Schoech et al., 1991 (Schoech et al., , 1996 . Lack of appropriate social stimulation may occur if an individual does not encounter a potential mate while remaining at its natal nest. On occasions, a breeder dies or disappears and is subsequently replaced. If a breeder is replaced, oppositesex offspring still may not breed if the replacement prefers to mate with the remaining breeder. No other study has focused on the behaviour of this individual, whose presence could affect reproduction of opposite-sex group members.
Other studies on the physiological mechanisms of reproductive suppression have focused on species that have
Mechanisms of reproductive suppression in female pine voles (Microtus pinetorum)
In co-operatively breeding birds and mammals, philopatric females are often reproductively suppressed. Many studies have focused on the functional significance of reproductive suppression, but further investigation of the mechanisms involved is required for a complete understanding of this process. This study investigated whether reproductive suppression in non-reproductive female pine voles (Microtus pinetorum) occurs as a result of lack of gamete maturation or lack of increase in LH. The behaviour of male pine voles was also examined to determine whether they show a preference for the mother versus her daughter, as lack of male stimulation may inhibit an increase of LH in daughter pine voles. Ovarian development and circulating LH concentrations were investigated in females housed with a prospective mate in the presence or absence of a parent. Maturation of gametes was not affected by the presence of a parent. In the presence of the mother, there was no increase in LH, as was observed in females housed with or exposed to a novel male. Males spent more time with mothers and possibly showed a preference for mating with the mother. These results are consistent with the contention that ovulation does not occur in female pine voles housed in the presence of their mother; however, it is not clear whether the lack of ovulation is caused by lack of stimulation from the male or suppression by the mother.
spontaneous oestrous cycles (Abbott et al., 1981; Epple and Katz, 1984; Savage et al., 1988; French et al., 1989; Faulkes et al., 1990a; Creel et al., 1991 Creel et al., , 1997 , but little attention has been given to species that have induced oestrous cycles, such as arvicoline rodents (voles and lemmings). Therefore, the purpose of the present study was to investigate the physiological mechanisms of reproductive suppression in female pine voles (Microtus pinetorum). In addition, the preference of males for mothers versus daughters was investigated. The pine vole lives in social groups that typically consist of one breeding female, one or more breeding males and non-breeding young, presumably from previous litters (FitzGerald and Madison, 1983; Marfori et al., 1997; Solomon et al., 1998) . Under field conditions, only one female mated in 80-100% of groups (Solomon et al., 1998) . In laboratory experiments, mature daughters housed with their mothers and an unrelated adult male produced significantly fewer litters compared with daughters housed only with an adult male (Schadler, 1990; Brant et al., 1998) . The reproductive physiology of female pine voles is similar to that of female prairie voles (M. ochrogaster), a congener in which more details of reproductive physiology are known. Pine voles, like many other arvicoline rodents, are induced into oestrus by the presence of an unfamiliar conspecific male (Richmond and Stehn, 1976; Schadler and Butterstein, 1979; Solomon et al., 1996) . LH and oestrogen concentrations are low before interaction with an unfamiliar male (Richmond and Stehn, 1976; Carter et al., 1980 Carter et al., , 1989 Schadler and Butterstein, 1987) . Circulating concentrations of LH are regulated by a negative feedback mechanism similar to that of females with spontaneous oestrous cycles (Moffatt et al., 1995) . In prairie voles, GnRH, released from the olfactory bulb, stimulates LH, and probably FSH, secretion from the anterior pituitary lobe (Dluzen et al., 1981) . Gonadotrophin secretion results in follicular development and subsequent production of oestrogen.
Materials and Methods

Animals and treatment
The pine voles used in these experiments were descendants of animals trapped in the wild in Henderson County, North Carolina. All animals were treated in accordance with standards described in the NIH Guide for the Care and Use of Laboratory Animals (1985) . Experimental animals were obtained by setting up breeding pairs in 38 cm ϫ 33 cm ϫ 17 cm cages. Food (Purina Rodent Breeder Chow No. 5013 ) and water were provided ad libitum. Cages were provided with paper fibre (Carefresh; Fangman Industries, Cincinnati, OH) as bedding and nesting material (Nestlets; Ancare Inc., North Billmore, NY). Experimental animals were housed with both parents and their siblings before the start of the experiment. Subsequent litters were removed from cages housing the family when pups reached 24-30 days of age so that there were not more than two litters of pups in each cage. At the start of the experiment, experimental animals were housed in an adjoining room. Corn cob bedding and Nestlets (Ancare Inc.) were used in all experimental cages. Both animal rooms were maintained on a 14 h light :10 h dark photoperiod, with lights switched on at 06:00 h. Room temperatures were maintained at 22 Ϯ 1ЊC.
Experiment 1
Housing conditions. Unlike studies of naked mole-rats (Heterocephalus glaber) and callitrichid monkeys in which ovarian cyclicity was examined in the absence of a conspecific male, the presence of a potential mate was necessary to induce oestrus in pine voles (Brant et al., 1998) . Daughters were removed from their family groups at 75-85 days of age and were paired with an unfamiliar unrelated mature male that was 65-110 days of age. These age ranges were selected because male and female pine voles reach puberty at 57-60 and 60-77 days of age, respectively (Schadler and Butterstein, 1979; Lepri and Vandenbergh, 1986) . Pairs of pine voles were assigned randomly to one of three treatment groups. In the first treatment group, the mother was housed with the male-daughter pair to determine the effects of the presence of the mother on gamete maturation. The second treatment group was male-daughter pairs with the father and served as a control for the presence of another individual in the group. In the third treatment group, a male-daughter pair was housed in the absence of a parent and served as a positive control. Animals were housed in 38 cm ϫ 33 cm ϫ 17 cm cages. All treatments continued until a litter was produced or for 60 days, a time span greater than two periods of gestation (Schadler and Butterstein, 1979) . More than 60% of daughters housed with their mother and an unfamiliar male did not produce litters (Brant et al., 1998) . The presence of the father had little effect on reproduction: only 31% of daughters did not produce offspring compared with 21% of male-daughter pairs.
Daughters that had not given birth within 60 days were considered as 'non-reproducing females' and some of these animals were killed by administration of an overdose of sodium pentobarbital (mother present, n = 8; father present, n = 5; and neither parent present, n = 4). In addition, females that produced a litter (n = 4) were killed 2 days after their first litter was born. The latter provided data on gamete maturation in reproductively active females. The ovaries and uteri from daughters were excised, cleaned of connective tissue and weighed to the nearest 0.1 mg. Uteri were examined under a dissecting microscope for uterine scars, indicating implantation of embryos. Sections from ovaries were examined for follicular development and the presence of corpora lutea, the latter indicating that ovulation had occurred.
Histological methods. Ovaries were placed in Bouin's fixative for 48 h. The fixative was removed and replaced with 70% (v/v) ethanol. The alcohol was replaced each day until all excess picric acid was removed. When necessary, ovaries were washed twice in Li 2 CO 3 saturated in 70% (v/v) ethanol to facilitate removal of picrates.
Ovaries were dehydrated in a series of alcohol washes (80-100% (v/v) ethanol). After the final wash, methyl benzoate and then methyl benzoate-1% (v/v) celluloiden solution were added to each sample. After 12 h, the methyl benzoate-1% (v/v) celluloiden solution was removed and replaced with toluene. The tissue was embedded in Paraplast and sectioned using a rotary microtome set at 8 µm. Sections were placed on slides coated with a 34% (v/v) albumin solution, stained with haematoxylin and counterstained with eosin (Humason, 1962) . All sections from both ovaries of each female were examined. For each female, the most advanced follicular stage was recorded.
Experiment 2 LH concentrations were determined in mature sexually inexperienced female pine voles that were either housed alone or exposed to an unfamiliar adult male separated by a wire mesh barrier. Schadler and Butterstein (1987) demonstrated that the presence of a male separated by a permeable mesh barrier resulted in a significant increase in the concentration of LH in mature sexually inexperienced female pine voles compared with females that were not exposed to a male. Mature female pine voles (n = 12) were removed from their families at 75-85 days of age. Eight of these animals were housed so that they were exposed to a mature (65-110 days of age) sexually inexperienced, unfamiliar, unrelated male separated by a single wire mesh barrier (38 cm ϫ 33 cm ϫ 17 cm cage divided in half lengthwise by a mesh barrier). The other four females were housed individually in separate cages. All trials started in the morning and lasted 7 days. On day 8, daughters were lightly anaesthetized with 2 ml Metophane (Pitman-Moore Inc., Madelein, IL) and killed by decapitation. Trunk blood was collected in Eppendorf tubes containing two drops of heparin (1000 U ml -1 ). Samples of blood were centrifuged (3000 g for 15 min), and the plasma was collected and stored at -20ЊC until radioimmunoassay.
In a second experiment, LH concentrations were determined under three different housing conditions. Mature sexually inexperienced daughters (75-85 days of age) were removed from family groups as described and subjected to one of the following treatments for 7 days: (i) daughter isolated (n = 12); (ii) daughter housed with her mother and separated by a single wire mesh barrier from an unfamiliar unrelated mature male (n = 7); and (iii) daughter separated by a single wire mesh barrier from a unfamiliar unrelated mature male (n = 8). On day 8, plasma was collected and stored as described for Experiment 1.
Determination of hormone concentrations. LH concentrations were measured in duplicate samples by double antibody radioimmunoassay using kits provided by the National Hormone and Pituitary Program (NHPP), the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) and by A. F. Parlow. Rat LH reagents were used in these experiments because reagents specific for vole LH are not available. Schadler and Butterstein (1987) found that rat LH radioimmunoassay reagents showed good crossreactivity to pine vole LH and that serum dilution curves were parallel to the standard curves. A competition standard curve was constructed using excess rat FSH (5 ng ml -1 ) to verify the specificity of the primary antibody. The presence of excess FSH did not displace LH binding, indicating that there was no crossreactivity with FSH.
Plasma LH was expressed as ng equivalents of the reference LH (rLH-RP3). Primary antibody (anti-rLH-S-11) was specific for the beta subunit of LH. The radiolabelled hormone ( 125 I-labelled rat-LH) was obtained from Covance Laboratories (Vienna, West Virginia) and goat anti-rabbit gamma globulin (second antibody) was obtained from Antibodies, Inc. (Davis, CA). The intra-assay coefficient of variation was < 5% and the lowest limit of detection was 0.3325 ng ml -1 .
Experiment 3
Daughters remained in their family cages, as described in Expt 1, with their parents and any siblings that may have been present until they reached 75-85 days of age. At that time, the daughter and her mother were fitted with cable tie collars and subsequently returned to their family cage overnight to habituate to the collars. These collars have been used in other experiments on voles (Solomon, 1993) and it has been shown that animals adapt to them relatively quickly. The next day, both females were removed from the family cage and tethered by their collars to the choice apparatus to prevent interactions between them. The side of the chamber on which each type of female (mother or daughter) was located, was alternated to avoid position effects (preference for either the right or left chamber irrespective of odour source).
The choice apparatus consisted of a clear Plexiglas cage (61 cm ϫ 22 cm ϫ 20 cm) that had a screen-wire lid. The apparatus was divided into three equal sized chambers, separated by removable Plexiglas partitions. Each partition had a hole of 2.2 cm in diameter allowing the test subject access to all chambers. Each female could move freely within her chamber, but could not move into another chamber.
The entire choice apparatus contained bedding and each chamber had a Nestlet for nest construction. Food and water were provided ad libitum in each end chamber. After each trial, the choice apparatus was cleaned with unscented detergent (Quatricide 20; Pharmacal Research Labs, Naugatuck, CT) and water to remove urine and odours.
Sexually inexperienced adult males, which were at least 85 days of age and had been housed with siblings for at least 1 week before the experiment, were used as test subjects (n = 16). Males were unfamiliar with the mother and daughter. The male was gently introduced into the centre chamber and was given simultaneous access to both females. The behaviour of all three individuals was recorded with a time-lapse video for 5 days. Two red lights (25 W) were used to illuminate the test apparatus during the dark phase of the cycle so that filming could continue uninterrupted. Tapes were viewed and the amount of time the male spent with the mother and daughter was quantified. As tapes were viewed at one sixth of the recorded speed, this factor was used to convert the time spent in each end chamber into real time. In addition, the females that the males nested and mated with were recorded as additional measures of preference.
Statistical analyses
A one-way ANOVA was used to determine the significant differences between body weight and organ mass for daughters that did not produce offspring within 60 days of pairing with a male. The Student's t test was used to determine whether the presence of an unfamiliar male across a barrier resulted in a significant increase in LH. ANOVA was also used to determine the effects of different housing conditions, that is, pairs housed alone compared with pairs housed with either the mother or the father, on LH concentrations. When significant F values were obtained, Fisher's least significant difference post hoc tests were performed. Plasma concentrations of LH from three animals were below the limit of detection and, therefore, were excluded from analysis. Two of these samples were collected from isolated daughters and one sample was collected from a daughter housed in the presence of her mother.
In Expt 3, the possibility of position effects (preference for either the right or left chamber irrespective of stimulus animal) was examined using a binomial test. Preference for nesting with the mother was examined using a binomial test. Time spent with each stimulus animal was analysed using a paired t test. All data are expressed as mean Ϯ SE and P < 0.05 was considered significant.
Results
There were no significant differences among treatments in body weights (F 2,14 = 0.613, P = 0.556) or ovarian masses (F 2,14 = 0.353, P = 0.708) of daughters that did not produce litters, regardless of housing condition (Table 1) . However, uterine masses were significantly different among treatments (F 2,14 = 4.634, P = 0.029). Uteri of daughters housed in the presence of their mothers weighed much less than those of daughters housed in the absence of a parent. Daughters housed in the presence of their father had intermediate uterine masses. There was no difference in gamete maturation among treatments. Secondary or Graafian follicles were present in the ovaries of daughters that did not produce litters, but implantation scars were not observed. Graafian follicles were observed in 75% of daughters housed with their mother compared with 100% of daughters housed with their father and 100% housed with only an unfamiliar male. Gamete development in daughters that did not produce litters was similar to that of females that did produce litters (75% had Graafian follicles) except that corpora lutea were also present in the ovaries of females that produced litters.
LH concentrations in daughters exposed to males across a wire mesh barrier were significantly higher than those 300 N. G. Solomon et al. of isolated females (t (10) = 2.199, P = 0.052; Fig. 1a) . Furthermore, females exposed to a male separated by a wire mesh partition had significantly higher LH concentrations compared with females that were exposed to a male in the presence of their mother or in isolated females (F 2, 21 = 3.80, P = 0.039; Fig. 1b ). There was no significant difference between LH concentrations in daughters exposed to males in the presence of their mother or in isolated daughters. Male pine voles spent significantly more time with the mother (75.2 Ϯ 7.0 h) than with the daughter (36.3 Ϯ 7.1 h; t = 2.87, P = 0.012, n = 16), but did not display a preference for the right or left chambers (two-tailed binomial test, P = 0.804). At the end of the 5 day test period, 81% of males were found in the chamber with the mother (one-tailed binomial test, P = 0.011). Of the males that built nests (71.4%) with one of the females, there was a tendency to build nests in the chamber with the mother but the effect was not significant (one-tailed binomial test). Three males did not mate with either female during the 5 day test period. Of the males that mated, 6 of 13 (46.0%) mated only with the mother, although 5 of 13 (38.5%) mated with both the mother and daughter. The remaining two males (15.4%) mated only with the daughter.
Discussion
The results of the present study are consistent with the proposed mechanism that mating and, therefore, ovulation in daughters do not occur in the presence of the mother even when a potential mate is present. LH concentrations were significantly lower in daughters paired with unfamiliar unrelated males in the presence of the mother than in the absence of the mother. Indeed, LH concentrations of daughters exposed to males in the presence of their mother were as low as those observed in isolated daughters. These data indicate that the release of LH was suppressed in daughters exposed to males in the presence of their mother. Some stages of the mechanism involved in reproductive suppression may be similar in species in which there are differences between LH concentrations of breeders and non-breeders. Subordinate, non-breeding female naked mole-rats, Damaraland mole-rats (Cryptomys damarensis) and callitrichid monkeys also show low concentrations of LH compared with dominant breeding females (Savage et al., 1988; Barrett et al., 1990 Barrett et al., , 1993 Faulkes et al., 1990a; Bennett et al., 1993 Bennett et al., , 1996 Snowdon et al., 1993) . However, differences in LH concentrations between breeding and non-breeding females are not found in all cooperatively breeding mammals. LH concentrations of nonbreeding female Mashona mole-rats (C. darlingi ), giant mole-rats (C. mechowi ) and common mole-rats (C. hottentotus) are not significantly different from those of breeding females (Bennett et al., 1997 (Bennett et al., , 2000 Bennett and Faulkes, 2000) . In giant mole-rats and common mole-rats, reproduction may be inhibited by inbreeding avoidance within intact colonies. Although inbreeding avoidance is also likely to prevent breeding in intact families of pine voles, the lack of reproduction in the presence of an unfamiliar male and the mother is more consistent with a physiological block to reproduction as shown by decreased concentrations of LH.
Consistent with the lack of an LH increase in daughters housed with their mothers, there was also no uterine hypertrophy in daughters housed under similar conditions. Contact with an unfamiliar adult male induces secretion of LH and oestrogen, the latter causing cell proliferation in the uterus (Hasler and Conway, 1973) . Cell proliferation is often detected by an increase in uterine mass. This measure has often been used as an indirect method for determining whether oestrogen secretion has occurred (Lepri and Vandenbergh, 1986; Solomon et al., 1996) . Thus, the significantly lower uterine masses of daughters housed with their mothers indicate that these females do not have the same physiological responses as females housed with only an unfamiliar male.
Male preference may be a factor that contributed to the lack of reproduction in daughters. Males showed a preference for the mother rather than her daughter in terms of the time spent with the mother and, to some extent, in nesting with the mother. Preference, as defined by actual mating, was more difficult to interpret. Approximately half of the males mated exclusively with the mother and most of the remaining males mated with both females. Thus, it appears that the male may have a preference for the mother.
In addition, as males spent more time with the mother, the lower level of stimulation by the male may have contributed to the lack of increase in oestrogen and LH in daughters. Low concentrations of these hormones would not be sufficient to induce behavioural oestrus and, thus, daughters would not be willing to mate. The same pattern of 11.2 Ϯ 2.1 22.5 Ϯ 9.0 32.5 Ϯ 2.4* *Significantly different compared with group in which mother was present (P < 0.05).
behaviour was also observed in a study by Brant et al. (1998) , in which males spent less time in contact with daughters, and sniffed the anogenital region and mounted daughters less frequently in the presence of the mother. Thus, although the term 'suppression' has been used, the lack of mating could be due to a lack of male stimulation. Alternatively, this pattern of behaviour may be due to a decrease in attractiveness of the daughter (Beach, 1976) , which would be consistent with lower concentrations of oestrogen and LH. The results of the present study do not allow the direction of causality to be determined. As FSH did not compete with LH in the radioimmunoassay, it is likely that the results from the present study reflect a suppression of LH concentrations only and are not due to suppression in FSH. Histological examination of ovaries confirmed that FSH was not suppressed as follicular development was occurring. Results from the present study showed that daughters that did not reproduce after being paired with a male in the presence of their mother had mature ovarian follicles. As FSH is necessary for maturation of follicles (Nelson, 1995) , it is likely that LH, but not FSH, was suppressed.
Although the ovaries from immature females were not examined in the present study, Schadler (1977) reported that in 8-week-old females, ovarian follicles are less mature than those of mature females and mothers. In immature females, a large number of secondary follicles were observed, but Graafian follicles were rarely observed. In contrast, mature females had abundant Graafian follicles. Willingstorfer et al. (1998) suggested that lack of reproduction in female Zambian mole-rats (Cryptomys sp.) is not due to lack of maturation of ovarian follicles as there were no differences in the sizes of the ovaries or in the number of follicles in breeding and non-breeding females. Furthermore, in pine voles, lack of litter production did not result from reabsorption of embryos since none of the daughters had uterine scars. Therefore, these results do not support mechanisms proposing suppression of gamete development or reabsorption of embryos.
The results of the present study provide an initial step in determining the physiological mechanisms involved in lack of reproduction in female pine voles (daughters). Behavioural interactions with the mother (Brant et al., 1998) and the male appear to play an important role in the lack of reproduction in daughters indicating that higher brain input to the hypothalamus may be important in reproductive suppression in this, as in other, species. For example, when subordinate female Mashona mole-rats were treated with GnRH, they showed an increased secretion of LH from the anterior pituitary gland, which was similar in magnitude to that of reproductive females (Bennett et al., 1997) . This responsiveness to the exogenous administration of GnRH indicates that the anterior pituitary gland is not desensitized to stimulation, but that endogenous GnRH secretion is decreased. This study also indicates that reproductive suppression in Mashona mole-rats occurs at the hypothalamus, preventing the release of gonadotrophins from the anterior pituitary. In contrast, when GnRH was administered to reproductive and non-reproductive female common marmosets (Callithrix jacchus) and Damaraland mole-rats, there were smaller increases in the LH concentrations of non-reproductive females compared with reproductive females (Abbott et al., 1988; Bennett et al., 1993) . This same pattern was observed when low doses of GnRH were administered to breeding and non-breeding female naked mole-rats (Faulkes et al., 1990b) . The results from the study by Faulkes et al. (1990b) indicate that the anterior pituitary gland of non-reproductive, subordinate females is not as sensitive to GnRH administration as that of reproductive females. Therefore, there may be a difference in the level at which suppression occurs in the first and the latter three species. In subordinate female Mashona molerats, suppression appears to occur at the hypothalamus, whereas in subordinate female Damaraland mole-rats and common marmosets, suppression seems to occur at the anterior pituitary gland. However additional studies, including generating full dose-response curves using a range of GnRH doses, are required to determine the responsiveness of the pituitary to GnRH stimulation. Further studies are required to determine whether the anterior pituitary gland is desensitized to stimulation, that is, 'suppressed', in female pine voles or whether suppression occurs at the hypothalamus as seems to occur in Mashona mole-rats. 
